Design support systems need to be developed on the basis of an understanding of the human design process to be useful during design. The explicit representation of design history and rationale are of particular importance for explanation and reuse. Within the DESIRE framework for compositional modelling, a generic task model of design has been developed that clearly specifies the role of design history and design rationale within the design process. The model provides a structure to distinguish different types of design rationale, according to the functional role they play in the design process. It has been used to structure the modelling process of an example aircraft design task, which illustrates the various instances of design rationale that can be generated.
INTRODUCTION
To be useful to designers during design, design support systems need to be developed on the basis of an understanding of the human design process. Models of how human designers approach design are often based on analyses of design tasks and designers' approaches (e.g., Akin, 1978; Schon, 1983; Pahl & Beitz, 1984; Brown & Chandrasekaran, 1989; Chandrasekaran, 1990; Smithers et al., 1994) .
One of the models of design developed in interaction with designers, consolidating generic components within diverse applications, has been proposed by Brazier, van Langen, Ruttkay, and Treur (1994) . Within this model, design is viewed as a process of the creation of a set of requirements and a design object description that satisfy these requirements, on the basis of initial requirements and preferences specified by agents such as management, or a client. In the model, the design task includes manipulation of requirements and preferences of such agents and of the designer himself/herself. Requirements often change during the design process on the basis of an appreciation of the (partial) design object descriptions and on the basis of an increasing level of understanding of the relevance of specific aspects. Designers remember which combinations of requirements and preferences they have previously considered, which options and which partial designs were explored, and in which situation. They also often remember the argumentation for the rejection and/or acceptance of option, choices, and (partial) designs. To be useful to designers, design support systems must be designed to support these aspects of rationale. The explicit representation of design history and rationale are of particular importance for
• explanation: to justify why a particular decision has been made in a given situation, • prediction: to be able to know if a specific design decision has been made before in a similar situation and what the results were, • reuse: to discover if parts of requirement descriptions or object descriptions that were proficient in earlier situations can be (re-)used in the new situation.
The research community's interest in design rationale has increased considerably. Subjects of research have been and are current the representation (e.g., Chung & Goodwin, 1994; Ganeshan et al., 1994) , capture (e.g., Gruber et al., 1991; Klein, 1992; Candy & Edmunds, 1994; and use of design rationale (e.g., Mostow, 1989; McKerlie & McLean, 1994) . A framework in which all three subjects are integrated has been proposed by Gruber and Russel (1990) . A domain-independent means to represent and maintain design rationale in multiagent environments has been proposed by Petrie, Cutkosky, and Park (1994) : the Redux' server they propose offers design coordination services to distributed design agents. These systems and approaches include the types of knowledge and strategies with which specializations and instantiations of the generic task model used in the current paper can be acquired.
In Section 2, the generic task model of design is described in more detail, together with a specialization. This model is used in Section 3 to analyze the reasoning steps made in an example aircraft design process. In Section 4, the generation, reuse, and storage of design rationale during a design process is analyzed, resulting in a classification of different types of rationale on the basis of the generic task model. Finally, in Section 5 our approach is discussed.
A GENERIC TASK MODEL OF DESIGN
This section briefly explains the generic task model of design (referred to as GTMD) introduced by Brazier, van Langen, Ruttkay, and Treur (1994) . The logical foundations of this model have been described by . GTMD is based on models developed for design support systems in different domains of application [Brumsen, Pannekeet, & Treur (1992) , Geelen & Kowalczyk (1992) ]. Brazier, van Langen, and Treur (1995) used GTMD for the management of conflicts in design, and Brazier, van Langen, Treur, Wijngaards, and Willems (1996) applied the model to the (parametric) design of elevators.
GTMD is one of the generic models available within DE-SIRE, a formal framework for the design of compositional architectures (Brazier, Treur, Wijngaards, & Willems, 1995 Brazier, Dunin-Keplicz, Jennings, & Treur, 1995 , 1997 . The DESIRE framework supports a task-based, usercentered approach to system design, within which five types of knowledge are explicitly modelled:
• the task composition,
• the knowledge structures involved,
• information exchange between tasks,
• sequencing of (sub)tasks and goals, and
• the roles of the participating agents.
These types of knowledge are acquired in interaction with one or more experts, to achieve a common, "shared" task model (Brazier, Treur, & Wijngaards, \996a, b) of the design task at hand.
GTMD is used to structure the acquisition process, clearly distinguishing three subtasks, each focussing on reasoning about one of the following three aspects:
• requirements and preferences,
• the design object, and
• (coordination of) the overall design process.
This model is generic in the sense that it describes design independent of the domain of application for the design task (in the same sense as Brown & Chandrasekaran, 1989) , but also in the sense that it describes design at a high level of abstraction. GTMD clearly specifies a role for design history and design rationale within each of the three subtasks of design. Figure 1 shows a simplified picture of GTMD, with part of the task structure and part of the information flow and control flow between the subtasks. The figures shows the component design, which is a model of the design task as a whole. The design task is composed of three subtasks: design process coordination, requirement qualification set manipulation and design object description manipulation, which are modelled by the components d e s i g np r o c e s s -c o o r d i n a t i o n , RQS-manipulation, and DOD-manipulation, respectively. In the sequel, requirement qualification set will often be abbreviated as RQS and design object description as DOD.
The task of design process coordination is to determine the future course of the design process: should the design process continue or not, and if so, according to which strategy. For example, after RQS manipulation has delivered a new RQS, design process coordination may propose to proceed with DOD manipulation to make a DOD that satisfies the current requirements, taking a specific earlier design as a starting point.
The task of RQS manipulation is to generate an RQS based on the needs and desires of, for example, a client. Part of the task is to analyze whether the current RQS includes (apparently) conflicting requirements and whether all requirements it includes are sufficiently refined to be used as input for DOD manipulation. Another part is to resolve any conflicts that are detected and to refine any requirements that need to be further detailed.
The task of DOD manipulation is to generate a DOD. A DOD is most frequently a partial design description, that often contains inconsistent information and often does not satisfy (or may even violate) the requirements on which the design process is focussed. However, the ultimate goal is to acquire a DOD that is complete, consistent, and satisfactory. A DOD is complete if it contains all information that is relevant to the process of creating the design object (through assembly, construction, fabrication, manufacturing, or any other form of implementation). A DOD is consistent if it does not contain contradictory information. A DOD is satisfactory with respect to an RQS if it satisfies each of the requirements in the RQS (e.g., the requirements on which the RQS focusses).
In GTMD, each of the three subtasks of design is composed of four subtasks, for which the corresponding com- is to derive (all or some of the) logical consequences of the current description (e.g., the properties, behavior, or performance of the design object described). Note that when modelling a specific design task in a particular domain of application, some of these tasks may be trivial.
The information flow and control flow depicted in Figure 1 is only partial. In essence, the options for modification proposed by the component modification and the selection of an option are recorded by the component u p d a t e -o f -m o d i f i c a t i o n -h i s t o r y . The component m o d i f i c a t i o n may consult update-ofmodif i c a t i o n -h i s t o r y at any moment about modifications made in the past. After modi f i c a t i o n is finished, the modified description is stored as the new current description by u p d a t e -o f -c u r r e n t -d e s c r i p t i o n and refined, necessary, by deductive-refinement. Subsequently, m o d i f i c a t i o n again determines whether any further modifications have to be made to the current description, whether there are still options for modification that have not yet been considered and which option is most promising. Thus, manipulation of the current description is considered to be a cyclic task.
The modification task can be composed in many ways, depending on the chosen approach to design. One composition, which will be used in this paper, is shown in Figure 2 and consists of four subtasks.
The task of analysis of current modification state is to determine whether or not further modifications to the current description are necessary. For example, for the manipulation of DODs, the analysis task consists in part of an evaluation of the current DOD for the current requirements; if this evaluation shows that the current DOD does not fulfill some of the requirements, further modifications are necessary. The task of modification focus determination is to determine the focus of modification of the current description: the part of the current description that is to be modified. The task of modification method determination is to determine a method for modification of the part in focus (e.g., using default values, or asking the user), and the task of modification according to method is to apply the selected method to the focus.
THE GENERIC TASK MODEL APPLIED TO THE AIRCRAFT DESIGN EXAMPLE
In this section (part of) a design process is described to illustrate the way in which design rationale can be modelled, specified and (re)used using the generic task model of design described in Section 2. The design process described is one of design processes encountered during the design of a new aircraft for 60 passengers, the Fokker 60 (Fo60), based on an existing design. The existing design is the design of the Fo50Inc, of which the design rationale is available. 
Aircraft design processes
Different types of requirements are imposed during design: requirements that need to be fulfilled for all aircraft (e.g., safety requirements), requirements that refer to the particular aircraft (e.g., the number of seats), and metarequirements imposed on the design process (e.g., the deadline). One way to approach this design problem is to assume that the existing design (e.g., the design of the Fo50Inc) meets all requirements imposed (general as well as aircraft specific) and to only reconsider requirements that may in some way be affected by the new requirements. General requirements such as limited product development time and limited production cost include strategic requirements that hold for all aircraft. The operationalization of such requirements, however, differs depending on the conditions for which the aircraft is to be designed. Safety requirements are also general requirements: they hold for all aircraft. The precise operationalization of the requirements, however, depends on the design options. Only those safety requirements that are violated during the new design process are reconsidered.
The number of aircraft for which the design is expected to break even also influences the strategy used. For the Fo60 aircraft, the strategy is clearly to keep extra cost (both product development and production cost) to a minimum. This implies sticking to the original design as closely as possible.
A subset of the requirement qualifications introduced during the process of designing the Fo60 aircraft is listed below in Table 1 . The identifiers used to name requirement qualifications all start with "RQ" followed by one or more digits or letters. Digits are used to indicate simultaneous (conjunctive) refinements, letters are used for alternative (disjunctive) refinements. For example, RQ2131 and RQ2132 are simultaneous refinements of RQ213 (i.e., if both are satisfied, then RQ213 is satisfied), whereas RQ411a and RQ41 lb are alternatives for a refinement of RQ41 (i.e., if one is satisfied, then RQ41 is satisfied).
The Fo50Inc has been designed on the basis of the Fo50. One of the elements in the design rationale underlying the design of the Fo50Inc is:
20" X 37.5" is chosen as the size of the emergency hatch to achieve a maximum opening within requirements imposed on cost and structure for the Fo50.
General requirements have been refined either on the basis of knowledge of requirements imposed during the design of the Fo50Inc (Fo50Inc design rationale) and/or new requirements imposed by the current designer. One way to achieve safety requirement R41, which states that the opening of an emergency exit must remain above water, is to position the emergency exit above the waterline. This requirement was imposed during the design of the Fo50Inc.
A specific aircraft design process
Given the total set of requirements of the Fo60 aircraft, of which a very small number are presented in Table 1 , the example design process that has been analyzed can be described in relation to GTMD as follows. (Note that not all subcomponents of GTMD that model subtasks in the example design process, such as the history components, are mentioned in the trace below.)
The most obvious contradiction in requirements is that the Fo50Inc was designed to seat 48, and the new aircraft is to be designed to seat 60. This conflict in requirements is resolved by withdrawing the requirement to seat 48 (requirement Rl 15). The steps taken within this conflict resolution process, as performed by the component RQSm a n i p u l a t i o n , are shown in Table 2 .
All other requirements (including those listed in Table 1 ) are used to devise a partial design of the new aircraft. The strategy advised by the component d e s i g n -p r o c e s sc o o r d i n a t i o n is to concentrate on the Fo50Inc design (see Table 3 ). R4 must be satisfied.
R41 must be satisfied. R41 la is preferred over R41 lb. R41 la must be satisfied. R41 lb must be satisfied. R41 lba is preferred over R41 lbb. R41 lba must be satisfied.
R41 lbb must be satisfied. R41 lbba is preferred over R41 lbbb R41 lbba must be satisfied.
R411 bbb must be satisfied.
R5 must be satisfied. R51 must be satisfied. R6 must be satisfied. R61 must be satisfied.
R7 must be satisfied.
R8 must be satisfied. R41 la: The emergency exit is above the waterline. R41 lb: The top edge of a water barrier of an emergency exit is above the waterline. R41 lba: The top edge of the water barrier of an emergency exit on the inside of the aircraft is above water. R41 lbb: The top edge of the water barrier of an emergency exit not inside the aircraft is above water. R411 bba: The top edge of the water barrier of an emergency exit on the outside of the aircraft is above water. R41 lbbb: The top edge of the water barrier of an emergency exit that is not purely on the inside or outside of the aircraft, is above water. R5: Ergonomic aspects should be respected. R51: The maximum step-up height is 20". R6: Passengers should feel comfortable within an aircraft. R61: Safety precautions for emergency landings should not be visible. R7: Emergency exits should be easily accessible and without obstacles. R8: In emergency situations no complicated procedures should be required for passengers.
One of the conflicts between requirements encountered during the design process (see Table 4 ) is that the position of the 60-seat aircraft in water is lower than the position of the Fo50Inc, due to increase in weight. This not only leads to a conflict with requirement R114a (specifying the requirement that held for the Fo50Inc), but also with requirement R411a (specifying that the emergency exit must be above water). Therefore, the design process must shift its attention to the current RQS (see Table 5 ).
Requirement Rl 14a is withdrawn (see Table 6 ) and, following the design strategy to continue with the DOD made in the previous DOD manipulation round (see Table 7 ), a new partial design is devised to fulfill requirement R411a (see Table 8 ): a partial design in which the emergency exit The modification method chosen is reductionby-retraction. rl .2.4
The oldest of the requirement qualifications in the current RQS is selected for retraction: RQ115. r 1.2.5
The current RQS is updated by removing RQ115. rl.3.1
The requirements in the current RQS are sufficiently refined and there are no apparent conflicts. analysis-of-current-RQS-modification-state is above the new waterline. Although this, at first, may seem to solve the requirements, it conflicts with the cost requirements R211, R2131, and R2132. As no other solution could be found for this problem, the requirement that the emergency exit should remain above the waterline (R41 la) is withdrawn and a new requirement is imposed to fulfill R41, namely that the top edge of a water barrier should be above the waterline (R411b). Different types of water barriers can be considered/designed. The first option considered was the design of a water barrier on the inside of the aircraft on the basis of prior knowledge of expected cost of a solution (see Table 9 ).
Based on knowledge of the solution to the problem of designing a water barrier for the passenger door of the Fo50 (inherited by the Fo50Inc), requirement R41 lba, a new partial design is devised with a separate 1.5" panel to be placed in the opening of the emergency exit, in emergency situations (see Table 10 ). This solution, however, is in conflict with the requirement that safety precautions for emergency landings should not be visible (R61) and that passengers cannot be expected to follow complicated procedures in emergency situations (R8).
The designer decides to reconsider the restriction he placed on the design process, namely that the water barrier should
Table 3. First activation of the component d e s i g n -p r o c e s s -c o o r d i n a t i o n
Step Results Subcomponent c 1.1.1 The focus of attention in the design process is DOD manipulation, and the selected strategy for DOD manipulation is to concentrate on the Fo50Inc design. c 1.1.2
The set of current requirements is updated to consist of the requirements present in the current RQS (i.e., R0 and those of the Fo50Inc except for Rl 15).
m o d i f i c a t i o n (with respect to the design process coordination state)
update-of-current-description The focus of modification is the whole current DOD. d 1.1.3
The modification method chosen is replacement-by-retrieval. d 1.1.4
The Fo50Inc design description is retrieved. d 1.1.5
The current DOD is updated to the Fo50Inc description. d 1.1.6
From the current DOD, various properties of the aircraft are derived, such as maximum take-off weight, waterline position, and production costs.
The current DOD satisfies all requirements except RO. dl.2.2
The focus of modification is the layout of seats. dl.2.3
The modification method chosen is replacement-by-generation. d 1.2.4
A new layout with 60 seats is generated. dl.2.5
The current DOD is updated by removing the old layout and adding the 60-seat layout. dl.2.6
From the current DOD, the new weight and position of the waterline (1.5" higher) are derived.
The current DOD violates the requirements R114a and R411 a. (R114a states that the position of the waterline is L, (where L, is a fixed number) and R41 la states that the emergency exit is above the waterline.) Furthermore, there is no hope for fulfilling Rl 14a without violating RO and some of the other requirements Rl 1* (i.e.. Rl 11, Rl 12, etc.). analysis-of-current-DOD-modification-state be placed on the inside of the aircraft. He is aware of the option of designing a water barrier in-between the interior panels and the skin of the aircraft, but he decides to consider water barriers not inside the aircraft (R411bb) first, due to expected cost implications (see Table 11 ). The water barrier in the next partial design (see Table 12 ) is an airbag (based on the designer's knowledge of other aircraft). This design may have implications for the aerodynamics of the aircraft, but the designer believes this to be the best solution given the current requirements. The implications of the design on aerodynamic characteristics of the aircraft are then explored, and so on.
DESIGN RATIONALE USED IN THE AIRCRAFT DESIGN EXAMPLE
Design rationale captures information (e.g., on the considered options, the reasons for the choice of an option) behind Table 5 . Second activation of the component design-process-coordination
Step Results Subcomponent c2.1.1 The focus of the design process is RQS manipulation, and the selected strategy for RQS manipulation is to concentrate on the current RQS.
m o d i f i c a t i o n (with respect to the design process coordination state) Table 6 . Second activation of the component RQS-manipulation
Step Results Subcomponent r2.1.1 A problem with RQU4a in the current RQS has been found: with the given knowledge, RQ114a cannot be fulfilled without violating RQO and RQ1. r2.1.2
The focus of modification is (RQ114a). r2.1.3
The modification method chosen is replacement-by-generation. r2.1.4
A new requirement RQ114b is generated, expressing a maximum position of the waterline which is the same as in the current DOD. r2.1.5
The current RQS is updated by removing RQ114a and adding RQ 114b. r2.2.1
The requirements in the current RQS are sufficiently refined and there are no apparent conflicts.
analysis-of-current-RQS-modification-state RQS-modification-focus-determination RQS-modification-method-determination RQS-modification-according-to-method update-of-current-RQS
analysis-of-current-RQS-modification-state decisions made during a design process. Design rationale is often reconsidered during a design process: it specifies the options, conditions, and considerations on which previous decisions were based. New decisions can be made on the basis of this information and information on the current state of the process. Analysis of the design rationale for a previous decision with respect to a new situation can show, for example, which options have still to be considered or which conditions no longer hold. In the model of the example design process discussed in Section 3, knowledge used to generate design rationale is represented in the various components of GTMD. During the design process, the design rationale is stored in the respective history components. To use the design rationale to make or reconsider a decision, it is retrieved from these history components. In this section, design rationale used in the example of a design process within aircraft design, as given in Section 3, is identified and classified. In Section 4.1 design rationale for decisions on the global strategy of the design process is discussed. In Section 4.2, design rationale for more local decisions is discussed.
Rationale for the global design strategy
In this subsection, a number of examples of knowledge rules used to generate and represent design rationale for the global design strategy are identified. These knowledge rules specify the strategic knowledge behind the steps made during the design. In GTMD, this knowledge is included in the component d e s i g n -p r o c e s s -c o o r d i n a t i o n of GTMD. For example, the knowledge rule IF: the design process starts THEN: RQS manipulation should be performed first specifies strategic knowledge used to start a design process. This knowledge can also be used to generate the related design rationale. The rationale behind the manipulation Table 7 .
Third activation of the component d e s i g n -p r o c e s s -c o o r d i n a t i o n
Step Results Subcomponent c3.1.1 The focus of the design process is DOD manipulation, and the selected strategy for DOD manipulation is to concentrate on the DOD made in the previous round. c3.1.2
The set of current requirements is updated by the removal of Rl 14a and the addition of R114b. update-of-current-description Table 8 . Second activation of the component DOD-manipulation
Step Results Subcomponent d2.1.1 All requirements are fulfilled except R41 la. d2.1.2
The focus of modification is the emergency exit. d2.1.3
The modification method chosen is replacement-by-generation. d2.1.4
A new position for the emergency exit (1.5" higher) is generated. d2.1.5
The current DOD is updated by replacing the subdesign of the emergency exit by the one with a 1.5" higher positioned emergency exit. d2.1.6
From the current DOD, the production costs for the aircraft, among others, are derived (which are different from the previous design because of the changed emergency exit position). d2.2.1
The cost-related requirements R211, R213, and R2131 are violated. (R211 states that changes to the structure should be minimal, R213 states that changes to the production method should be minimal, and R2131 states that changes to the tooling should be minimal.) No improvement can be found satisfying requirement R41 la without violating R211, R213, and R2131. d2.2.2
The focus of modification is the whole current DOD. d2.2.3
The modification method chosen is replacement-by-retrieval. d2.2.4
The DOD that resulted from step d 1.2.5 is retrieved. This particular DOD is the most recently generated description that does not violate requirement R41 la. d2.2.5
The current DOD is updated by replacing it with the DOD that resulted from step dl.2.5. d2.2.6
From the current DOD, the various properties of the aircraft are derived (in relation to the current requirements). d2.3.1
The cost-related requirements R211, R213, and R2131 are violated (again). No earlier design can be found satisfying requirement R411 a without violating R211, R2131, and R2132.
analysis-of-current-DOD-modification-state DOD-modification-focus-determination IF: the current RQS contains no apparent conflicts and the requirements are sufficiently refined to be treated and it is not known whether all requirements from RQS are satisfied by the current DOD THEN: DOD manipulation should be performed first The strategic knowledge above is used, for instance, in steps c 1.1.1 and c3.1.1 of the example design process to focus the design process on DOD manipulation. The related design rationale is that DOD manipulation is performed because: (1) the current RQS contains no apparent conflicts, (2) the requirements are sufficiently refined to be treated, and (3) it is not known whether all requirements from RQS are satisfied by the current DOD. This design rationale is stored in the history subcomponent of the component d e s i g n -p r o c e s sc o o r d i n a t i o n . In a similar manner the following examples of strategic knowledge generate related design rationale.
Table 9. Third activation of the component RQS-manipulation
Step Results Subcomponent r3.1.1 A problem has been identified in fulfilling RQ41 la in the current RQS, without violating the cost requirements in RQS. r3.1.2
The focus of modification is (RQ411a). r3.1.3
The modification method chosen is replacement-by-generation. r3.1.4
A new requirement RQ41 lb is generated, which states that the top edge of a water barrier of an emergency exit should be above the waterline. r3.1.5
The current description is updated by removing RQ41 la and adding RQ41 lb. r3.2.1
The requirement RQ41 lb is not specific enough to be treated. r3.2.2
The focus of modification is {RQ411b). r3.2.3
The modification method chosen is refinement-by-generation. r3.2.4
The requirement RQ41 lb can be refined according to two options: either to RQ41 lba (a water barrier inside the aircraft) or to RQ41 lbb (a water barrier not inside the aircraft). Because the first option is expected to be cheaper, it is chosen first. r3.2.5
The current description is updated by adding RQ411ba. r3.3.1
There are no further problems. IF: not all requirements from the current RQS are satisfied by the current DOD and no attempt to improve it is possible and an attempt to improve RQS is still possible THEN: RQS manipulation should be performed first This strategic knowledge is used in step c2.1.1; this step causes the design process to focus on RQS manipulation.
IF:
the current RQS contains no apparent conflicts and the requirements are sufficiently refined to be treated and no attempt to improve it is expected to be possible THEN: the design process has to be terminated without success
The above knowledge is not used in the example design process, because the design process did not fail.
not all requirements from the current RQS are satisfied by the current DOD and no attempt to improve it is expected to be possible and the current RQS contains no apparent conflicts and the requirements are sufficiently refined to be treated and no attempt to improve RQS is expected to be possible THEN: the design process has to be terminated without success Also this knowledge is not used in the example design process.
the current RQS contains no apparent conflicts and the requirements are sufficiently refined to be treated and all requirements from the current RQS are satisfied by the current DOD THEN: the design process has to terminate with success As the example design process was only partially described, this knowledge was not shown to be used.
Rationale used for more local decisions in the design process
The more local decisions in the design process are classified according to whether they refer to either RQS manipulation (Section 4.2.1) or DOD manipulation (Section 4.2.2).
Rationale used for decisions within the RQS manipulation process
The rationale used during the RQS manipulation process is presented in Table 13 . For each of the instances the com- To fulfil R411ba the focus of modification is a water barrier inside the aircraft. d3.1.3
The modification method chosen is refinement-by-generation. d3.1.4
As a solution a panel of 1.5" high to be placed in the emergency exit is generated. d3.1.5
The current description is updated to one with a 1.5" high panel that can be placed in the emergency exit. d3. 1.6 It is derived that a panel to be placed in the emergency exit is visible for passengers and that it requires complicated procedures for passengers to place it. d3.2.1
The requirements R8, R6, and R61 are violated. No solution is possible for R41 lba without violating the requirements for passenger comfort and safety. d3.2.2
The focus of modification is the current DOD as a whole. d3.2.3
The modification method chosen is replacement-by-retrieval. d3.2.4
The DOD that resulted from step d2.1.5 is retrieved. This particular DOD is the most recently generated description that does not violate requirement R41 lb. d3.2.5
The current DOD is updated by replacing it with the DOD that resulted from step d2.1.5. 
Rationale used for decisions within the DOD manipulation process
The rationale used in the process of manipulating DODs is presented in Table 14 . For each of the instances, the component of GTMD in which it is represented is shown and a number of occurrences in the example design process are listed.
DISCUSSION
During design, designers are known to continually backtrack thought processes, explore new options, and to rethink previous possibilities. To guide the design process human experts use the knowledge they have of design strategies together with their knowledge of the current state of design, the requirements and qualifications imposed on requirements (such as preferences), and of the possible design objects. Design strategies exist at different levels: an overall design strategy coordinates and influences the more specific design strategies used with respect to requirement qualifications and design object descriptions. Not all combinations of requirements and design object descriptions are explored. Designers often base the selection of options they pursue on different sets of criteria depending on the situation. Within a set of criteria, individual criteria may be again weighed in relation to each other. Interactive support of design frequently entails the retrieval of previous "trains of thought": sequences of design steps, and the rationale behind the reasoning involved. Intelligent support of this process requires extensive understanding of the designer's design strategies, preferences, assumptions and, often, idiosyncrasies.
Within the DESIRE framework, on the basis of experience with a number of applications of design tasks in different domains, a generic task model of design has been devised. It models the design task as a composition of the subtasks manipulation of requirements and preferences, manipulation of the design object description, and coordination of the overall design process. In the generic task model of design, rationale is generated by explicit knowledge within The focus of modification is {RQ41 lba). r4.1.3
The modification method chosen is replacement-by-retrieval. r4.1.4
The requirement RQ411 ba was one of two options to refine RQ41 lb (see step r3.2.4). If this option in untenable, then the other option, RQ41 lbb can be selected. r4.1.5
The current description is updated by removing RQ41 lba and adding RQ41 lbb, expressing that a position for a water barrier not inside the aircraft is required. r4.2.1
The requirement RQ41 lbb is not specific enough to be treated. r4.2.2
The focus of modification is (RQ41 lbb). r4.2.3
The modification method chosen is refinement-by-generation. r4.2.4
The requirement RQ41 lbb can be refined according to two options: either to RQ41 lbba (a water barrier outside the aircraft) or to RQ41 lbbb (a water barrier not purely inside or outside the aircraft). For the first option, solutions are known in the library of experience and knowledge acquired in the past. Therefore, this option is chosen. r4.2.5
The current description is updated by adding RQ411bba. r4.3.1
There are no further problems.
analysis-of-current-RQS-modification-state each of the three subtasks of design and is explicitly represented in the design history components. This generic task model has been used to structure the modelling process of an example aircraft design task, to illustrate the various instances of design rationale that are generated and represented. This includes the following information about the design process and about the structure of the design object: the design decisions, the available and considered options Table 12 . Fourth activation of the component DOD-manipulation
Step Results Subcomponent d4.1.1 All requirements are fulfilled except R41 lbb and R41 lbba. d4.1.2
To fulfil R41 lbba the focus of modification is a water barrier outside the aircraft. d4.1.3
The modification method chosen is refinement-by-retrieval. d4.1.4
As a solution, an airbag outside the emergency exit, is generated. d4.1.5
The current description is updated to one with an airbag outside the emergency exit.
analysis-of-current-DOD-modification-state DOD-modification-focus-determination DOD-modification-method-determination DOD-modification-according-to-method update-of-current-DOD Table 13 . Rationale used within the component RQS-manipulation 
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